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1
SPUTTER ETCH PROCESSING FOR HEAVY
METAL PATTERNING IN INTEGRATED
CIRCUITS

BACKGROUND OF THE INVENTION

The present invention relates generally to integrated cir-
cuits and relates more specifically to metal patterning pro-
cesses for use in manufacturing integrated circuits.

Integrated circuits (ICs) commonly use copper intercon-
nects (or “lines™) to connect transistors and other semicon-
ductor devices on the ICs. These interconnects are typically
fabricated using an additive damascene process in which an
underlying insulating layer (e.g., silicon oxide) is patterned
with open trenches. FIG. 1, for example, is a schematic
diagram illustrating a trench 100 that may be formed in the
insulating layer during IC fabrication. A subsequent depo-
sition of copper on the insulating layer fills the trenches with
copper. The copper is removed to the top of the insulating
layer, but remains within the trenches to form a patterned
conductor. Successive layers of insulator and copper are
formed according to this damascene process, resulting in a
multilayer copper interconnect structure.

Conventional damascene processing such as that
described above is not always compatible with the trend
toward smaller feature sizes in modern complementary
metal-oxide-semiconductor (CMOS) technology. For
instance, modern CMOS technology may require lines hav-
ing widths of less than forty nanometers and aspect ratios
(i.e., line height: line width) of approximately 2:1 . Attempt-
ing conventional damascene processing within these param-
eters often results in poor liner/seed coverage on the walls of
the trenches (e.g., as illustrated at 102 in FIG. 1), pinch off
at the mouths of the trenches (e.g., as illustrated at 104), and
reentrant reactive ion etching profiles (e.g., as illustrated at
106). Consequently, the copper filling the trenches is subject
to voids, defects, and poor adhesion to the trench liners.
Moreover, as the lines narrow in size, the resistivity of the
copper is increased (due to, for example, the thickness of the
liner relative to the thickness of the copper, the small copper
grain size, and copper grain boundary and surface scattering
phenomena), resulting in decreased IC performance.

SUMMARY OF THE INVENTION

A method for fabricating one or more conductive lines in
an integrated circuit includes providing a layer of copper
containing conductive metal in a multi-layer structure fab-
ricated upon a wafer, providing a first hard mask layer over
the layer of copper containing conductive metal, performing
a first sputter etch of first hard mask layer using a chlorine-
based plasma, and performing a second sputter etch of first
hard mask layer using a second plasma, wherein a portion of
the layer of copper containing conductive metal residing
below a portion of the first hard mask layer that remains after
the second sputter etch forms the one or more conductive
lines.

Another embodiment of method for fabricating one or
more conductive lines in an integrated circuit includes
providing a layer of copper containing conductive metal in
a multi-layer structure fabricated upon a wafer, providing a
hard mask layer over the layer of conductive material,
performing a first sputter etch of the hard mask layer using
at least one of a chlorine-based plasma or a sulfur fluoride-
based plasma, wherein the first sputter etch leaves at least a
thin coating of the hard mask layer over the layer of copper
containing conductive metal, performing a second sputter
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etch of the hard mask layer using a fluorocarbon-based
plasma, wherein the second sputter etch removes the thin
coating and exposes a portion of the layer of copper con-
taining conductive metal, and patterning the portion of the
layer of copper containing conductive metal to form the one
or more conductive lines.

An integrated circuit includes a plurality of semiconduc-
tor devices and a plurality of conductive lines connecting the
plurality of semiconductor devices, wherein at least some of
the plurality of conductive lines are fabricated by providing
a layer of copper containing conductive metal in a multi-
layer structure fabricated upon a wafer, providing a hard
mask layer over the layer of copper containing conductive
metal, performing a first sputter etch of hard mask layer
using a chlorine-based plasma, performing a second sputter
etch of hard mask layer using a second plasma, and pattern-
ing a portion of the layer of copper containing conductive
metal residing below a portion of the hard mask layer that
remains after the second sputter etch to form the one or more
conductive lines.

Another embodiment of a method for fabricating one or
more conductive lines in an integrated circuit include pro-
viding a layer of copper containing conductive metal in a
multi-layer structure fabricated upon a wafer, providing a
hard mask layer over the layer of copper containing con-
ductive metal, performing a first sputter etch of hard mask
layer using a sulfur fluoride-based plasma, and performing
a second sputter etch of hard mask layer using a second
plasma, wherein a portion of the layer of copper containing
conductive metal residing below a portion of the hard mask
layer that remains after the second sputter etch forms the one
or more conductive lines.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of
the present invention can be understood in detail, a more
particular description of the invention may be had by
reference to embodiments, some of which are illustrated in
the appended drawings. It is to be noted, however, that the
appended drawings illustrate only typical embodiments of
this invention and are therefore not to be considered limiting
of its scope, for the invention may admit to other equally
effective embodiments.

FIG. 1 is a schematic diagram illustrating a trench that
may be formed during integrated circuit fabrication; and

FIGS. 2A-2] are schematic diagrams illustrating various
stages of fabrication of a complementary metal-oxide-semi-
conductor device, according to embodiments of the present
invention.

DETAILED DESCRIPTION

In one embodiment, the invention is a method and appa-
ratus for heavy metal patterning using a sputter etch process.
Embodiments of the invention pattern fine metal lines on an
insulating layer of an integrated circuit via a subtractive
process (i.e., a process that creates a desired structure by
removing material rather than by adding material). In a
particular embodiment, the subtractive process uses chlorine
and fluorine etch chemistry in a two-step process to control
the patterning of hard masks on copper containing conduc-
tive metal. In particular, the disclosed process allows for
easier control of the hard mask profile during subtractive
copper and copper alloy etching, as well as easier control of
the copper patterning.
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FIGS. 2A-2] are schematic diagrams illustrating various
stages of fabrication of a complementary metal-oxide-semi-
conductor (CMOS) device 200, according to embodiments
of the present invention. As such, FIGS. 2A-27J also collec-
tively serve as a flow diagram illustrating portions of one
embodiment of a method for fabricating the CMOS device
200, according to the present invention.

In particular, FIG. 2A illustrates the CMOS device 200 at
an intermediate stage in the processing. For the purpose of
clarity, several fabrication steps leading up to the production
of the CMOS device 200 as illustrated in FIG. 2A are
omitted. In other words, the CMOS device 200 does not start
out in the form illustrated in FIG. 2A, but may develop into
the illustrated structure over several well-known processing
steps which are not illustrated but are well-known to those
of skill in the art.

The CMOS device 200 generally comprises a plurality of
layers at this intermediate stage in the processing, including:
a silicon wafer 202, a first dielectric layer 204 (e.g., com-
prising silicon dioxide (Si0,), silicon nitride (Si;N,), silicon
oxynitride (SiON), or a low-k dielectric) formed on the
silicon wafer 202, a first liner layer 206 (e.g., comprising
tantalum (Ta), tantalum nitride (TaN), cobalt (Co), manga-
nese (Mn), manganese oxides (MnOx), or manganese sili-
cates (MnSixQOy)) formed on the first dielectric layer 204, a
conductive metal layer 208 (e.g., comprising copper (Cu), a
copper alloy, gold (Au), nickel (Ni), cobalt (Co), or any
other material that does not readily form a volatile species)
formed on the first liner layer 206, a first hard mask layer
210 (e.g., comprising tantalum (Ta), niobium (Nb), or vana-
dium (V)) formed on the conductive metal layer 208, a
second hard mask layer 212 (e.g., comprising SiO, or Si;N,)
formed on the first hard mask layer 210, an organic under-
layer 214 (e.g., comprising near frictionless carbon (NFC) or
an organic planarizing layer (OPL)) formed on the second
hard mask layer 212, and a photoresist or electron beam
resist layer 216 (e.g., comprising hydrogen silsesquioxane
(HSQ)) formed on the organic underlayer 214.

FIG. 2A illustrates the CMOS device 200 after a pattern
of very small structures has been formed in the organic
underlayer 214 and photoresist layer 216. In one embodi-
ment, the organic underlayer 214 and photoresist layer 216
are patterned using a photolithography technique, such as
optical lithography or direct write electron beam lithogra-
phy. In one embodiment, the photolithography technique
includes a negative resist that allows removal of the organic
underlayer 214 and photoresist layer 216 down to the second
hard mask layer 212, except for the portions of the organic
underlayer 214 and photoresist layer 216 illustrated in FIG.
2A.

As illustrated in FIG. 2B, the pattern is transferred from
the organic underlayer 214 and photoresist layer 216 to the
second hard mask layer 212. In one embodiment, pattern
transfer involves etching the second hard mask layer 212
down to the first hard mask layer 210 (e.g., using a dry etch
process such as reactive ion etching). Pattern transfer results
in portions of the second hard mask layer 212 being
removed. For instance, in the embodiment illustrated in FIG.
2B, all portions of the second hard mask layer 212 except for
the portions residing directly beneath the organic underlayer
214 and photoresist layer 216 are removed down to the first
hard mask layer 210.

As illustrated in FIG. 2C, the organic underlayer 214 and
photoresist layer 216 are next removed down to the second
hard mask layer 212, leaving the patterned second hard mask
layer 212. As illustrated in FIGS. 2D-2E, a two-step etch
process is next used to transfer the pattern from the second
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hard mask layer 212 to the first hard mask layer 210. In one
embodiment, a first, chlorine-based plasma or sulfur fluo-
ride-based plasma sputter etch process (e.g., using diatomic
chlorine (Cl,) plasma, chlorine and sulfur tetrafluoride (SF,,)
plasma, chlorine and sulfur hexafluoride (SFy) plasma, or
another chlorine-based plasma or sulfur fluoride-based
plasma) is used to remove a portion of the first hard mask
layer 210, as illustrated in FIG. 2D. This can be achieved
using any plasma system used for semiconductor device
prototyping or fabrication. For instance, medium to high
density (i.e., plasma densities>approximately 10® cm™>) and
low electron temperature T, (i.e., T <approximately 10 eV)
systems can be used; however, a high source density and low
ion energy system will typically be used. Such systems
include, but are not limited to: inductively coupled plasma
(ICP) systems, electron cyclotron resonance (ECR) systems,
helicon systems, dual frequency capacitive (DFC) systems,
helical resonator systems, and microwave-generated dis-
charge systems. Additionally, low ion energies are charac-
terized by any of the above-described systems in which
radio frequency (RF) power is coupled to the platen/sub-
strate using frequencies less than approximately 100 MHz
and power less than approximately 2000 W.

In the embodiment illustrated in FIG. 2D, the first sputter
etch step results in the first hard mask layer 210 being etched
a portion of the way down to the conductive metal layer 208;
however, at least a thin coating of the first hard mask layer
210 remains over the regions of the conductive metal layer
208 that do not reside directly beneath the remaining portion
of the second hard mask layer 212. In one embodiment, the
first sputter etch step etches the first hard mask layer 210 at
a first etch rate.

As illustrated in FIG. 2E, a second sputter etch step is
performed using a second plasma chemistry. In one embodi-
ment, the second plasma chemistry is a fluorocarbon-based
plasma (e.g., using tetrafluoromethane (CF,) or another
fluorocarbon-based plasma). The second sputter etch/metal
surface modification step removes the thin coating of the
first hard mask layer 210 that remains after the first sputter
etch step (i.e., the portions of the first hard mask layer 210
that do not reside directly beneath the second hard mask
layer 212), thereby exposing the conductive metal layer 208.
In one embodiment, the second sputter etch step etches the
first hard mask layer 210 at a second etch rate different from
the first etch rate (e.g., the second etch rate may be slower
than the first etch rate). Thus, after the two-step plasma etch
process (i.e., the first, chlorine-based plasma or sulfur fluo-
ride-based plasma etch followed by the second, fluorocar-
bon-based plasma etch), the exposed portions of the first
hard mask layer 210 are etched down to the conductive
metal layer 208. In addition, the second sputter etch step
completely etches/removes the second hard mask layer 212.
The second sputter/metal surface modification etch step thus
provides a soft landing for the etch of the conductive metal
layer 208.

As illustrated in FIG. 2F, an etch process is next used to
remove a portion of the conductive metal layer 208. In the
embodiment illustrated in FIG. 2F, the conductive metal
layer 208 is etched down to the first liner layer 206, except
for the portions of the conductive metal layer 208 residing
directly beneath the first hard mask layer 210. The remaining
portions of the conductive metal layer 208 form one or more
thin metal lines or interconnects. In one embodiment, each
line has a shape in which the base 220 of the line is wider
than the top 222 of the line (for instance, the base may be
twice as wide as the top). Thus, each line may have a
substantially pyramidal profile (having, for example, a side-
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wall taper of approximately eighty to ninety degrees). In a
further embodiment, the height of each line is greater than
the width of the line at its widest point (e.g., at least twenty
percent greater than the width of the base).

As illustrated in FIG. 2G, an etch process is used to
remove a portion of the first liner layer 206. In the embodi-
ment illustrated in FI1G. 2@, the first liner layer 206 is etched
down to the first dielectric layer 204, except for the portions
of the first liner layer 206 residing directly beneath the
conductive metal layer 208. The remaining portions of the
first liner layer 206 form the bases of the “trenches” that
immediately surround the conductive metal layer 208.

As illustrated in FIG. 2H, the sidewalls of the liners are
formed by first depositing a second liner layer 224 (e.g.,
comprising TaN) over the CMOS device 200. The second
liner layer 224 coats portions of the first dielectric layer 204,
the first liner layer 206, the conductive metal layer 208, and
the first hard mask layer 210. In one embodiment, the second
liner layer 224 is deposited by atomic layer deposition.

As illustrated in FIG. 21, a portion of the second liner
layer 224 is next removed. In one embodiment, at least the
portion of the second liner layer 224 that coats the first
dielectric layer 204 is removed; the portions of the second
liner layer 224 coating the first liner layer 206, the conduc-
tive metal layer 208, and the first hard mask layer 210
remain intact. In one embodiment, the portions of the second
liner layer 224 are removed via an etch process, such as
reactive ion etching.

As illustrated in FIG. 2], a second dielectric layer 226
(e.g., comprising a low-k dielectric material for which
k<approximately 4.0) is next deposited over the CMOS
device 200 and planarized. Specifically, the second dielectric
layer 226 fills in the empty space in the CMOS device 200,
coating portions of the first dielectric layer 204, the first liner
layer 206, the second liner later 224, and first hard mask
layer 210. The resultant structure thus includes one or more
trenches (i.e., the interior volumes defined by the first liner
layer 206 and the second liner layer 224, which collectively
form a conformal liner for the trenches) containing fine
metal lines (i.e., the conductive material layer 208).

The present invention thus enables the etch of copper
containing metals to be better controlled during the fabri-
cation of CMOS devices. In particular, the two-step plasma
etch process (e.g., as described in connection with FIGS. 2D
and 2E) allows for better control over the profile of the hard
mask layers during etching and results in less damage to the
conductive metal. The chlorine-based plasma or sulfur fluo-
ride-based plasma etch controls the profile (e.g., height and
sidewalls) of the hard mask layers; however, because chlo-
rine and sulfur react readily with (e.g., cause erosion of)
typical interconnect materials (e.g., copper), the subsequent
fluorocarbon-based plasma etch is used to complete the etch
while providing a soft landing on the conductive metal layer.
Obtaining a good profile for the hard masks in turn enables
better control of subsequent etching of the conductive metal,
which can be controlled to produce interconnects having
small features sizes (e.g., lines widths of less than forty
nanometers). Such an approach may also be advantageous
when patterning heavy metals on the conductive layer.

It is noted that although the above-described process
includes the formation of conformal liners that line the metal
interconnects, the CMOS device 200 could also be formed
without the liners.

While the foregoing is directed to embodiments of the
present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereof. Various embodiments presented herein, or
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portions thereof, may be combined to create further embodi-
ments. Furthermore, terms such as top, side, bottom, front,
back, and the like are relative or positional terms and are
used with respect to the exemplary embodiments illustrated
in the figures, and as such these terms may be interchange-
able.

What is claimed is:

1. A method for fabricating one or more conductive lines
in an integrated circuit, the method comprising:

providing a layer of copper containing conductive metal

in a multi-layer structure fabricated upon a wafer;
providing a first hard mask layer over the layer of copper
containing conductive metal;

providing a second hard mask layer over the first hard

mask layer;

performing an etch of the second hard mask layer without

etching the first hard mask layer, wherein the etch of the
second hard mask layer leaves a portion of the second
hard mask layer intact;

performing a first sputter etch of first hard mask layer

using a chlorine-based plasma, without completely
removing the portion of the second hard mask layer;
and

performing a second sputter etch of the first hard mask

layer immediately subsequent to performing the first
sputter etch using a second plasma, wherein the second
sputter etch removes the portion of the second hard
mask layer, and wherein a portion of the layer of copper
containing conductive metal residing below a portion
of the first hard mask layer that remains after the second
sputter etch forms the one or more conductive lines.

2. The method of claim 1, wherein the first sputter etch
leaves a thin coating of the first hard mask layer over the
layer of copper containing conductive metal.

3. The method of claim 2, wherein the second sputter etch
removes the thin coating and exposes the layer of copper
containing conductive metal.

4. The method of claim 1, wherein the second plasma
comprises a fluorocarbon-based plasma.

5. The method of claim 1, wherein the fluorocarbon-based
plasma comprises tetrafluoromethane plasma.

6. The method of claim 1, wherein the chlorine-based
plasma comprises diatomic chlorine plasma.

7. The method of claim 1, wherein the first sputter etch
additionally uses a sulfur fluoride-based plasma.

8. The method of claim 7, wherein the sulfur fluoride-
based plasma comprises sulfur tetrafluoride.

9. The method of claim 7, wherein the sulfur fluoride-
based plasma comprises sulfur hexafluoride.

10. The method of claim 1, wherein the first sputter etch
is performed at a first etch rate, and the second sputter etch
is performed at a second etch rate that avoids erosion of the
copper containing conductive metal layer.

11. The method of claim 1, wherein the first hard mask
layer comprises tantalum.

12. The method of claim 1, wherein each of the one or
more conductive lines has a width of less than approxi-
mately forty nanometers.

13. The method of claim 1, further comprising:

patterning the portion of the layer of copper containing

conductive metal to form the one or more conductive
lines.

14. A method for fabricating one or more conductive lines
in an integrated circuit, the method comprising:

providing a layer of copper containing conductive metal

in a multi-layer structure fabricated upon a wafer;
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providing a first hard mask layer over the layer of copper
containing conductive material;
providing a second hard mask layer over the first hard
mask layer;
performing an etch of the second hard mask layer without
etching the first hard mask layer, wherein the etch of the
second hard mask layer leaves a portion of the second
hard mask layer intact;
performing a first sputter etch of the first hard mask layer
using at least one of a chlorine-based plasma or a sulfur
fluoride-based plasma, wherein the first sputter etch
leaves at least a thin coating of the first hard mask layer
over the layer of copper containing conductive metal
without completely removing the portion of the second
hard mask layer;
performing a second sputter etch of the first hard mask
layer immediately subsequent to performing the first
sputter etch using a fluorocarbon-based plasma,
wherein the second sputter etch removes the portion of
the second hard mask layer, and wherein the second
sputter etch removes the thin coating and exposes a
portion of the layer of copper containing conductive
metal; and
patterning the portion of the layer of copper containing
conductive metal to form the one or more conductive
lines.
15. The method of claim 14, wherein the fluorocarbon-
based plasma comprises tetrafluoromethane plasma.
16. The method of claim 14, wherein the chlorine-based
plasma comprises diatomic chlorine plasma.
17. The method of claim 14, wherein the sulfur fluoride-
based plasma comprises sulfur tetrafluoride plasma.
18. The method of claim 14, wherein the sulfur fluoride-
based plasma comprises sulfur hexafluoride plasma.
19. The method of claim 14, wherein the first sputter etch
is performed at a first etch rate, and the second sputter etch

8

is performed at a second etch rate that avoids erosion of the
copper containing conductive metal layer.
20. A method for fabricating one or more conductive lines
in an integrated circuit, the method comprising:
5 providing a layer of copper containing conductive metal
in a multi-layer structure fabricated upon a wafer;
providing a first hard mask layer over the layer of copper
containing conductive metal;
providing a second hard mask layer over the first hard
mask layer;
performing an etch of the second hard mask layer without
etching the first hard mask layer, wherein the etch of the
second hard mask layer leaves a portion of the second
hard mask layer intact;
performing a first sputter etch of the first hard mask layer
using a sulfur fluoride-based plasma, without com-
pletely removing the portion of the second hard mask
layer; and
performing a second sputter etch of the first hard mask
layer immediately subsequent to performing the first
sputter etch using a second plasma, wherein the second
sputter etch removes the portion of the second hard
mask, and wherein a portion of the layer of copper
containing conductive metal residing below a portion
of the first hard mask layer that remains after the second
sputter etch forms the one or more conductive lines.
21. The method of claim 20, wherein the sulfur fluoride-
based plasma comprises sulfur tetrafluoride plasma.
22. The method of claim 20, wherein the sulfur fluoride-
30 based plasma comprises sulfur hexafluoride plasma.
23. The method of claim 20, wherein the second plasma
comprises a fluorocarbon-based plasma.
24. The method of claim 23, wherein the fluorocarbon-
based plasma comprises tetrafluoromethane plasma.
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